Introduction
Wool fiber is a luxury fiber with exceptional warmth, resilience, elasticity, fire-retardancy, quick-dryability, and antistatic properties [1, 2] . Recently wool fiber has drawn attention because of its various attributes including its natural origin. However, wool fiber-made apparels are susceptible to felting and shrinking during washing affecting not only their aesthetic properties but also affecting their dimension to the extent that the garments can no longer be used [1] [2] [3] . The special characteristics of wool fiber surface make it susceptible to felting and shrinking. Wool garments shrink to average 55% of their original dimension after the first laundering. Therefore, shrink-resistance is important for the application of wool in apparels, quilts, curtains, pillows, and bedding.
A range of treatments has been developed over the years to make wool fabric felt and shrink resistant. Of all the treatments investigated, the chlorination treatment followed by coating with a polyamide-epichlorohydrin resin (known as chlorine-Hercosett treatment) is undoubtedly the most effective, and the cheapest shrink-resist treatment. It is believed that approximately 70% of all wool labeled as fully machine-washable is treated by the chlorine-Hercosett process [5] , which has become an industry standard for making machine-washable wool [4] . Mori and Matsudaira used calcium hypochlorite in a combination with hydrogen peroxide (H 2 O 2 ) but the achieved shrink-resistance was poor compared to the acid chlorination process [6] . The chlorine-Hercosett process is used for the continuous shrink-resist treatment of wool tops, which is an energy-efficient process but it affects the handle properties of wool fabrics. Moreover, this process produces an effluent containing AOX coming from both the chlorinating agent and the Hercosett resin, making it environmentally hazardous. Therefore, in developed countries, industrial use of the chlorine/ Hercosett process is restricted as the produced effluent exceeds the consent limit set for the discharge of AOX to watercourses. Some other chlorine-based shrink-resist treatments, such as Kroy-Hercosett process, use gaseous chlorine instead of NaOCl. In the Kroy-Hercosett process, the chlorination is carried out by vertically immersing wool tops in the Kroy Deep-Immersion Chlorinator, which is a compact and closed loop chlorination system [7] . The gaseous chlorine is mixed with water by an injector producing hypochlorous acid (HOCl), which is injected into the chlorinator that greatly improves the uniformity of chlorination treatment compared to the chlorine-Hercosett treatment. Any unreacted chlorine gas coming out of the chlorinator is passed through a chlorine scrubber unit that converts chlorine to sodium chloride. Usually, no anti-chlorination and neutralization of chlorinated fiber are required as chlorine in the treated fiber becomes undetectable. However, HCl could remain in the fiber after the chlorination treatment, which makes the treated fibers smelly and therefore sometimes neutralization is carried out.
DCCA is one of the oldest chlorinating agents being investigated for imparting shrink-resistance to wool fiber. The chlorination is carried out at pH 2.0-3.0 at room temperature but antichlorination is required before depositing polymeric coatings on wool. It was reported that the DCCA treatment is more effective than the traditional acid chlorination treatments in forming a uniform deposition of Hercosett resin deposition onto wool fibers [8] . The etching of cuticles usually increases with an increase in the DCCA dosage to the point that complete removal of scales occurs, but it causes yellowing of the wool fibers and also negatively affects the handle properties of the fabric made from these fibers [9, 10] . The Basolan DC process developed by BASF AG (Germany) could be an example. It was found that the best shrink-resistance and the least degradation of fiber are achieved with a Basolan DC concentration between 2.5 and 4.5% on the wight of fiber (owf) at a pH 4-5 [11] . However, the treatment cannot be carried out in the continuous mode because of the precipitation of DCCA at low pH. To overcome this problem, the South African Wool and Textile Research Institute (SAWTRI) used a combination of a mineral acid (e.g. hydrochloric acid) and acetic acid. The DCCA solution made by this method is stable at pH 1.5-2.5 for a period long enough to allow the continuous chlorination of wool fiber [12] . However, the high price of DCCA compared to the price of NaOCl or gaseous chlorine made it a failure.
The alternatives to chlorination are peroxymonosulfuric acid (PMS), peracetic acid and ozone-based treatments that do not produce AOX-laden effluent. Denning et al. investigated the reactivity of different oxidants used for the shrink-resist treatment of wool and found that PMS is slightly inferior to chlorine and DCCA but stronger than peracetic acid, persulfate, and H 2 O 2 [13] . At the biginning of this millennium, enzyme-based treatments were envisaged as a sustainable and eco-friendly alternative to the chlorine-based shrink-resist treatments for wool and other animal fibers. The proteolytic enzymes (e.g. protease) are the most investigated enzymes for imparting shrink-resistance to wool fiber [14] [15] [16] [17] . The other enzymes investigated are lipase and papain [18, 19] . The treatment with a proteolytic enzyme is carried out at mild alkaline conditions (pH 8.0 to 9.0) in a batch-mode with an enzyme dosage of 2 to 3% owf at 55-60°C for 1 to 2 h [15] . It was found that the protease treated wool fabric showed considerably higher dye uptake compared to the untreated wool but lower compared to the chlorineHercosett treated wool [16] . However, enzymatic treatment alone cannot provide the required level of shrink-resistance without the polymeric coating. Several bio-based polymers alone or in a combination with oxidation treatments have been investigated for the shrink-resistance of wool with limited success [20, 21] . Plasma treatments also have been investigated but mainly nonpolymerizing gasses were used, which increased the degradation of wool fiber. Polymerizing gaseous monomers could be used to overcome this problem. The coating of wool fibers with nonbiodegradable synthetic polymers may affect the biodegradability of wool fiber. Therefore, future research should focus on developing a shrink-resist treatment for wool based on coating with biodegradable polymers. Sustainability considerations are getting importance recently and therefore the future shrink-resist processes will need to be sustainable and cost incentive.
This review article deals with the traditional shrink-resist treatments used in industry, their shrink-resist performance and merits/demerits along with the new eco-friendly and sustainable alternatives developed until recently, and current challenges and future directions. The structure of the wool fiber, mechanism of shrinkage of wool fiber, the chemistry of various polymeric coatings that are used to prevent the wool fiber from shrinkage, and their shrink-resist mechanisms are also be discussed.
Structure and morphologies of wool fiber
The wool fiber is a keratin protein fiber containing 18 amino acids including glycine, alanine, tyrosine, lysine, glutamic acid, and cysteine and many of them have hydrophilic amino and carboxyl groups conferring wool fiber high moisture regain. The wool fiber has a porous structure and the air entrapped in these pores works as a heat insulator, providing woolen garments high warmth. Wool fibers are primarily composed of a core cellular component surrounded by an outer layer with cuticle cells as shown in Fig. 1 . The core of wool fiber contains cortical cells arranged in an overlapping manner, which is elongated in the direction of the fiber axis. Cortical cells are composed of many macrofibrils and each macrofibril again is composed of many microfibrils. These microfibrils are made of aggregated keratin intermediate filament proteins (a-keratin) surrounded by keratinassociated matrix proteins (KAPs) containing high levels of sulfur and tyrosine [3] .
The microfibrils or intermediate filaments are composed of lefthanded coiled coil ropes and each coil of the helix is connected by disulfide bonds. The disulfide bond network within the cortex of wool has a great influence on its physical and mechanical properties. The stability of wool fiber structure is governed by the type and extent of crosslinks between the intermediate filaments and the KAPs. The three-dimensional structures of keratin intermediate filaments and KAPs are made highly stable by intermolecular disulfide bridges and by intermolecular and intramolecular bonding of polar and non-polar amino acids [22] . The outer side of wool fibers has many cuticle cells having a laminar structure and composed of an outer exo-and inner endo-cuticle layers. The exo-cuticle has an A-layer (the outermost layer) and a B-layer [3] . The A-layer is 30-60 nm thick and coated with a covalently bound 18-methyl eicosanoic acid (18-MEA) through thioester bonds providing wool fibers high water repellency [23] . The inner B-layer is considerably thicker (30-600 nm) than the outer A-layer, rich in disulfide linkages and isopeptide cross-links [24] .
From a macromolecular point of view, wool fiber is an 'allprotein' composite fiber, where the filler (microfibrils) and the matrix polymer (cellular matrix protein) both are composed of chemically and physically interconnected polypeptides. The ahelices in wool are present as coiled coils and grouped into rope-like structures with two, three or seven polypeptide strands [25] . The keratin filaments of wool and intermediate filaments are structurally homologous proteins. A three-chain structure has been proposed for the hard keratin from the a-helical fragments isolated from the microfibrillar proteins of wool [26] . However, several studies of proteolytic fragments of wool suggest fourchain structure instead of a three-chain structure [27] . Further investigations of the a-helix-rich particles prepared by chymotryptic digestion of the reduced and alkylated low sulfur proteins of wool suggest the formation of a pair of two-strand ahelical coiled coils. The a-helix is the secondary structure of the protein, which is created by folding of a single amino acid chain. Hydrogen and disulfide bonds formed between segments of the chain create this folded morphology as shown in Fig. 2 . The formation of disulfide bonds gives these a-helical coils rigidity increasing the stiffness of the fiber. If these disulfide bonds are broken, Fig. 1 . Schematic diagram of internal structure of wool fiber (a) drawn by Bruce Fraser, Tom MacRae and colleagues [1] , and also TEM image of cross-section (b) and SEM image of the surface (c) of wool fiber. the wool fiber behaves like a spring, which affects their dimensional stability.
Shrinkage of wool fibers
The shrinkage of wool is a common phenomenon, which not only reduces the size of clothes but also incurs a great monetary loss for the consumers as the clothes become unusable. Wool fibers undergo two types of shrinkages, namely relaxation shrinkage, and felting shrinkage.
Relaxation shrinkage
The relaxation shrinkage occurs due to the release of strains/ tensions, which are imposed during various stages of manufacturing of yarn or fabric by spinning, weaving, and knitting at various temperatures and humidity conditions. When the yarns and fabrics are removed from the machine and stored, they try to relax and go back to their original length. This kind of shrinkage is called relaxation shrinkage, which is reversible and occurs for textile materials made from any fiber. To overcome it, compressive shrinkage is given to wool fabric during decatizing so that it will no longer shrink during their use.
Felting shrinkage
The felting shrinkage occurs during wet processing, which is irreversible, i.e. once the shrinkage occurs, it is impossible to get back the original size of the fabric. The surface of wool fibers has many scales, which is responsible for the high shrinkage of wool apparel during laundering. When the wool fabric is subjected to mechanical action in the presence of moisture, the individual wool fibers start to move. Because of the surface scales, the fibers can move only in one direction. During washing and/or tumble drying, under mechanical agitation, friction, and pressure in the presence of moisture and heat, the scale edge of one fiber locks into the inter-scale gap of another fiber like a 'ratchet' mechanism as shown in Fig. 3 . The fibers interlock and cannot return to their orig- Fig. 3 . Mechanism of felting shrinkage of wool. inal positions resulting in irreversible felting shrinkage. Felting is advantageous for the fabrication of blankets and felted rugs but is a serious problem for apparel as it changes the appearance of the fabric [5] . The wool fibers can be made shrink-resistant either by removing or covering the scales or by restricting the movement of fibers in a fabric by binding them together.
Shrink-resist treatments used in the wool industry
The traditional and commercially used shrink-resist treatments can be classified primarily into two groups, namely (i) chlorinebased treatments, and (ii) non-chlorine/AOX-free processes.
Chlorine-based shrink-resist treatments
Gaseous chlorine, sodium hypochlorite (NaOCl), and dichloroisocyanuric acid (DCCA) are used for the chlorination of wool tops, which removes the surface-bound 18-MEA from wool fibers and also etches the edge of wool fiber scales [7, 10] . The removal of 18-MEA makes the fiber surface hydrophilic and compatible with various cationic resins. The most popular shrinkresist treatment for wool is the 'chlorine-Hercosett' process developed by the CSIRO (Australia). All chlorination treatment methods are more or less similar. The typical chlorine/Hercosett treatment can be carried out in a 5, 6, 7 or 8 suction drum bowls wool scouring machine. The first bowl is used for the chlorination treatment in the chlorine/Hercosett or DCCA/Hercosett process. Fig. 4 shows a typical chlorine-Hercosett treatment machine. Several machinery manufacturers including Andar Holdings Ltd (New Zealand) and Fleissner GmbH (Germany) make such a kind of machine. In the case of 5-bowl scouring machine, chlorine is added to the first bowl at pH lower than 2 at 20°C and in the next bowls, metabisulfite is added to neutralize the residual chlorine.
In the case of hypochlorite, depending on the pH, chlorine, hypochlorous acid, and hypochlorite ions exist in equilibrium at a given pH value. At pH above 8.5, a diluted solution of sodium hypochlorite has hypochlorous ion (OCl -) but at pH 4.5-2.5 mainly undissociated hypochlorous acid (HOCl). At the pH below 2.5, chlorination of wool is carried out and at that pH, free chlorine accounts for approximately 70% of the total active chlorine. The third bowl is used for washing the chlorinated and neutralized fibers. If the neutralization is not carried out properly, it will affect Hercosett absorption causing uneven coating and also may cause yellowing of the fiber during drying. Hercosett at 1-2% owf is added in the fourth bowl at 30-35°C and the pH of the bowl liquor is kept at 7.5 to 8.5 with the addition of sodium bicarbonate. In the last bowl, a silicone resin (0.2-0.3% owf) is added at pH 7.5 and the temperature of the bath is maintained at 40-45°C. The last two bowls are always used for Hercosett and silicone treatment. The extra bowls are used in-between the chlorination treatment and the anti-chlorination/neutralization treatment to wash the chlorinated wool. In the DCCA/Hercosett process, DCCA is used instead of NaOCl. Kroy/Hercosett treatment is very similar to the chlorine/Hercosett treatment, except the chlorination is carried out by vertically immersing wool tops in the Kroy Deep Immersion chlorinator, which is a compact and closed loop chlorination system. The gaseous chlorine is injected into the Deep Immersion chlorinator, where the chlorine dissolves in water producing a mixture of hypochlorous acid (HOCl) and hydrochloric acid. The HOCl is responsible for the chlorination of wool. The degree of chlorination uniformity is vastly improved in this system compared to the chlorine-Hercosett treatment. Any unreacted chlorine gas coming out of the chlorinator is passed through a chlorine scrubber unit containing sodium hydroxide solution that converts chlorine to sodium chloride.
Synthesis of Hercosett resin and its reaction with wool fiber
The mechanism of synthesis of Hercosett 125 resin is shown in Fig. 5 . Adipic acid is reacted with diethylenetriamine to form poly (diethyleneiminoadipamide) through the condensation polymerization. This polydiethyleneiminoadipamide is again reacted with epichlorohydrin to form poly(chloro-hydroxypropyldiethylene adipamide ammonium chloride), which is marketed as Hercosett 125 resin [28] . In the presence of an alkali, the chlorohydroxypropyl groups of this quaternary ammonium polyamide are converted into epoxy groups forming poly(epoxypropyldiethylene adipamide ammonium chloride) that can react with carboxyl and hydroxyl groups available in wool fiber surface as shown in Fig. 6 .
AOX-free alternatives to the chlorine-based shrink-resist treatments
Because of poor environmental credentials of chlorine-based processes, various alternative treatments have been investigated. The sustainable alternative treatments developed and commercialized until recently are as follows:
PMS process
The PMS or Caro's acid with a formula of HO-SO 2 -OOH is one of the strongest oxidants. Wool fibers are treated with 6-8% owf of PMS at pH 5-8 and then treated with a silicone resin (3-5% owf). An example of this process is the Dylan X process, but the treatment is not as effective as the chlorine-Hercosett process. It was reported that at least 9.0% owf of PMS is required to achieve an acceptable level shrink-resistance but that level of concentration causes considerable damage to the fiber [29] . Euro dye -CTC total easy care process A Belgian company, EURODYE -CTC, developed a shrink-resist treatment for woolen knitwear to make them machine-washable, which can be carried out in a paddle type or basket type garment dyeing machine. Wool knitwear is first scoured with a non-ionic surfactant (Crosteca LANA) and sodium bicarbonate at 40-45°C for 15-20 min [30] . The fabric is then treated with the Crosteca Salt (possibly potassium salt of PMS) at the dosage of 3.0-7.0% owf at 20-35°C for 20-30 min. The treated fabric is then treated with Costeca DEVE (a reducing agent) at pH 7.5-8.0 for 15-20 min to neutralize the residual reducing agent. In the next step, they are again treated with 4.0-5.0% owf a polymeric silicone resin (Crosteca FIT) at pH 6.0 at 30-35°C for 30 min. The treated fabric shows less than 10% shrinkage as claimed by the company, which is still considerably higher than the shrinkage shown by the chlorineHercosett treated wool.
Perachem process
Lewis and Hawkes developed an AOX-free alternative of the chlorine-Hercosett process for the continuous treatment of wool tops known as Perachem Process commercialized by Perachem Limited [31] . In this process, the rapid removal of the hydrophobic lipid layer (18-MEA) is carried out by the treatment with a selective nucleophile/cationic surfactant system, which breaks down the thioester bonds producing hydrophilic wool fibers. The nucleophile used is permonosulfuric acid, which removes the 18-MEA from the surface of wool fibers. After the removal of 18-MEA, the fibers are treated with the Hercosett resin, which still creates effluent containing AOX. The developed process is suitable for the continuous treatment of wool tops and is claimed to produce softer and whiter wool fibers compared to the chlorine-Hercosett treated wool.
Ozone and Ozone/Hercosett
Ozone (O 3 ), an allotropic form of oxygen, is a very powerful oxidant with an oxidation potential of 2.8 V, which is only surpassed by fluorine (oxidation potential 3.5 V). In alkaline conditions, O 3 produces hydroxyl radicals that can degrade wool fibers causing substantial strength loss. Therefore wool fibers are always treated with O 3 in acidic conditions to minimize fiber damage. The half-life of ozone gas is very limited (less than a few minutes) and therefore ozone is needed to be generated on-site [32] . Moreover, ozone gas has very poor solubility in water and therefore spargers are used to enhance the transfer of ozone to water [33] . The chlorine-Hercosett treatment machine can be used for the ozone/Hercosett treatment of wool with some modifications. One of the advantages of O 3 treatment is that it can etch the edge of cuticles like the chlorination treatment and the reaction is limited to the surface of the fiber without affecting the bulk properties and the dyeability of wool fibers. The continuous aqueous ozone treatment of wool fabric provided excellent shrink-resistance but the top treatment showed poor results [34, 35] . The wool fabric treated with gaseous ozone at 70°C also produced excellent shrink-resistance [36] . Choisnard et al. also carried out dry ozonation of wool fabric pre-treated with H 2 O 2 or alkali and found that the ozone treatment provided excellent shrink-resistance but needed a quite high concentration of ozone [37] . It is a sustainable alternative as ozone decomposes to oxygen. Several commercial wool apparel manufacturers including Patagonia use O 3 /Hercosett treatment as an eco-friendly and sustainable shrink-resist treatment for wool.
Securlana K shrink-resist treatment
This treatment is an example of additive type shrink-resist treatment used for wool where instead of etching the scales, they are covered by a polymeric resin and the inter-fiber bonding limits the movement of the wool fiber during laundering. Henkel A.G. marketed this shrink-resist treatment for wool fabrics, which is first treated with a strong reducing agent (e.g. sodium sulfite) to break down some of the disulfide bonds to produce thiols. The fabric is then treated with a Bunte-salt terminated polyether (commercialized as Securlana K), that covers the wool fiber surface. After the exhaustion is complete, the pH is raised to the slightly alkaline side of the pH (8.0-8.5) so that the Bunte salt groups of Securlana K can react with the thiols groups of wool and covalently bind to wool fiber surface by forming disulfide bonds as shown in Fig. 7 [38] . Securlana K also can undergo self-crosslinking, forming a network structure by forming disulfide bonds. A high percentage of Securlana K (8-9% owf) is needed to get an acceptable level of shrink-resistance. It was reported that the Securlana treatment negatively affected the dyeability and the stain-resistance of the treated wool fabric [39] . Table 1 shows merits/demerits and comparative shrink-resist performance of wool treated by various conventional shrinkresist treatments. Of the conventional shrink-resist treatments, the PMS/silicone resin treatment provides the poorest shrinkresist performance as the shrinkage of the fabric increased from 1% after 1 Â 5 A wash to 22% after 5 Â 5 A washes [13] PMS-based treatments also provide similar shrink-resist performance [29] . On the other hand, the chlorine/Hercosett treatment provides the most durable and the best shrink-resist performance as after 5 Â 5 A washes the shrinkage of the fabric was only 0.5% [34] . Ozone/Hercosett also provided excellent shrink-resistance, near to the shrink-resistance provided by the chlorine/Hercosett process [34] .
Shrink-resist performance

Merits and demerits
It is evident that the chlorine-Hercosett treatment is one of the most efficient shrink-resist treatments. The key advantages of chlorine-based treatments are low costs, high production speed, and the treatments can be carried out in continuous mode making the process energy-efficient. Wool fibers can be treated in top form without any processing difficulty from top to fabrics. The Hercosett resin treatment of the chlorinated wool fibers without or in a combination with silicone resin increases their luster. Although the chlorine-based treatments provide highly effective and durable shrink-resistance, they decrease the strength as the surface scales are totally removed/etched, causes yellowing and also reduces the inherent stain-resistance of wool fibers [40] . The wool fibers are coated with a synthetic resin which affects the natural feeling of wool. All chlorine-based treatments are hazardous as they liberate chlorine gas to the environment and also produce effluent with residual chlorine, which may react with ammonia or amines forming chloramines (a carcinogen) harmful to aquatic animals as well as humans [41, 42] now, such as PMS or Ozone-based treatments, are not as efficient as the chlorine-Hercosett process, only suitable for batch treatment, and the production speed is nowhere near to the production speed of the chlorine/Hercosett treatment. Of the AOX-free processes, only the production speed of the Ozone/Hercosett process could match the production speed of the chlorine/Hercosett process but the treatment cost is high and the shrink-resistance performance is also slightly inferior to the shrink-resistance provided by the chlorine-Hercosett treatment. On the other hand, the Securlana treatment method is only suitable for fabric treatment and the treated fabric has a soft handle but the high dosage of Securlana resin makes the surface of the fabric greasy, which is one of the reasons for its unsuccessful commercialization.
Advancements of sustainable alternatives
The recent advancements in the area of development of sustainable alternative shrink-resist treatments for wool have been concentrated on three areas: subtractive (partial or full removal of cuticles), additive (no removal of cuticles but fibers are bonded together), and a combination of subtractive and additive treatments. The additive treatments are only suitable for fabric-stage treatments.
Subtractive treatments based on partial/full removal of cuticles
Enzymatic treatments
Enzymes are proteins produced by living organisms that can catalyze various biochemical reactions. They are used in industry for various purposes, such as for the degradation of wastes into harmless compounds, for the cleaning of oil stains, and in fermentation processes to make alcohols [43, 44] . Of them, protease enzymes can degrade proteins and this capability was investigated in wool processing to degrade scales of wool fibers to make them shrink-resist. The enzymatic shrink-resist treatments are a batch process and are quite slow. Wool fibers are treated with an aqueous solution of enzymes at a certain temperature and pH, which is selected based on the temperature and pH at which a particular enzyme shows stability and the highest activity. To enhance the shrink-resist performance, the enzyme treatment fibers/fabrics are further coated with a polymeric resin. The treatment with protease enzymes is usually carried out at mild alkaline conditions and at around 60°C.
The enzyme can penetrate into the fiber causing considerable damage to the fiber. To overcome this problem, several methods, such as modification of enzyme with polymeric grafting and pretreatment of wool with quaternary ammonium compounds, have been investigated [45] [46] [47] [48] . Da Silva et al. modified the protease enzyme by covalently binding a copolymer of methyl methacrylate and methacrylic acid, a reversible soluble-insoluble polymer, by using a carbodiimide coupling agent to increase the molecular weight of the enzyme so that the protease enzyme cannot penetrate into the interior of wool fiber. The modified enzyme showed greater activity towards wool fibers compared to the native protease and reduced their weight loss during enzymatic treatment [45, 46] . It was reported that the modification of subtilisin (a protease enzyme) by covalent binding with polyethylene glycol only hydrolyzed the outer cuticles of wool by limiting their penetration into the fiber [47] .
Radiation treatments
Radiation is energy traveling in waves or particles that can excite molecules and atoms of a material to change their character- Fig. 7 . The preparation of Bunte salt terminated polyether and its reaction with wool fiber [38] . Reproduced with permission from John Wiley and Sons. istics. Various types of radiations, such as ultraviolet, gamma, Xray, infrared, and radio wave, are used for the chemical modification of fibers and polymers. Of them, UV radiation mainly has been investigated to make wool fiber shrink resistant. Radiation ionizes or excites the atoms or molecules in fibers and produces hydroxyl radicals that can cause degradation in the macromolecular chains. Radiation-based shrink-resistance treatments are envisaged as an eco-friendly process as they do not produce any effluent and it is virtually a dry treatment other than the post-radiation coating of wool fibers with a polymer. Primarily, UV radiation treatment, especially at UV-A region, is used to make wool fiber shrinkresistant.
Plasma treatments
Plasma treatments are dubbed as a sustainable shrink resist treatment as they do not produce any effluent [48] . Plasma is the fourth state of matter as matter in that state has properties dissimilar to its solid, liquid or gaseous state. It is a mixture of partially ionized gas that is generated by an electrical discharge. When gas molecules are excited by a high voltage discharge, they dissociate into negatively charged electrons and positively charged ions producing plasma. Although monomeric gasses including organosilanes and fluorocarbons have been investigated for hydrophobic and oleophobic coating of textiles [49, 50] , only nonmonomeric gasses (air, oxygen, argon, etc.) have been investigated to make wool fabric shrink-resistant [51, 52] . In plasma treatment, scales of individual fibers are affected rather than just the surface of the fabric. The plasma generators can be classified into two categories namely (i) low-pressure plasma, and (ii) atmospheric pressure plasma. Both types of plasma treatments were investigated for the shrink-resistance of wool. The atmospheric plasma process is advantageous over low-pressure plasma as the treatment could be carried out in the continuous mode. Corona and barrier discharge plasma systems fall under this category.
Depending on the mechanisms used for the plasma generation, plasma generators can be classified into corona discharge, dielectric barrier discharge, arc discharge, glow discharge, radio frequency, and microwave plasma. Of them, corona discharge, dielectric barrier discharge, and radio frequency plasma have been mainly investigated to impart shrink-resistance to wool fiber. In the corona plasma treatment, the machine is composed of two sections, a corona generator, and the treatment chamber as shown in Fig. 8 [51] . The corona generator produces a high frequency (up to 35 kHz) output, which is fed to the treatment station, where it is stepped by a transformer to a voltage (10 4 -10 5 V) high enough to ionize the gas in between the electrodes. The corona discharge takes place in the treatment chamber in between two rollers (work as an electrode) through which the fabric is passed. The rollers are coated with dielectric silicone rubber, which produces gentle plasma suitable for textile materials. One of the electrodes is attached to the corona generator and the other to the ground. Owing to the short time of the pulses, the corona discharge is strongly non-equilibrium in terms of temperature and plasma density. The pulse is used to control the build-up of heat, which may transform the plasma to arc discharge. The corona discharge treatment was one of the earliest plasma treatments investigated for the shrink-resistance of wool fibers and it was found that 5-10 s treatment reduced the felting shrinkage to À4.5 to À8.0%, which increased to 4.6 to 0% after four washes [52] . Plasma and corona treatments not only etch the surface of wool fiber by oxidation but also generate chemically active species that react with the fiber surface forming hydrophilic groups [53, 54] . Plasma creates a high density of free radicals by dissociating molecules through the collision of electrons and the photochemical process, causing the disruption of the chemical bonds in the fiber surface. Plasma treatments greatly modify the surface topography and the surface chemistry of the fiber surface [55] . Both low pressure and atmospheric pressure plasma technologies have been investigated to make wool fiber shrink-resist but the latter process could be better suitable than the former for the continuous treatment of wool [56] [57] [58] .
However, low-pressure plasma treats the substrate more evenly and covers a wider area than the atmospheric pressure plasma. The application of low-pressure plasma technologies has been extensively investigated for wool fibers to improve their shrinkresistance [59] . When wool fibers are plasma treated in the presence of non-polymerizing gases, such as oxygen, air, or nitrogen, 30-50 nm depth of the outer layer of the wool fiber is modified by etching and also by the removal of the bound fatty acid lipids Fig. 8 . Schematic diagram of Corona-based plasma treatment equipment used for the shrink-resist treatment of wool fabrics [51] . Reproduced with permission from the American Chemical Society.
including 18-MEA [60] . The plasma treatment produces hydroxyl and carboxyl groups on the surface of wool making the surface hydrophilic [51] . It was reported that the hygral expansion decreased with an increase in the severity of the corona intensity [61] . The investigation of low-temperature argon and helium plasma treatment confirmed that it could provide excellent shrink-resistance and the treatment was durable to laundering [62] .
Shrink-resist performance
By damaging only the cuticles, it is difficult to provide effective and durable shrink-resistance. Table 2 shows the list of various shrink-resist treatments based-on full or partial removal of cuticles by oxidation treatments that have been studied. Bromelain at only 2% owf showed excellent shrink-resistance but the cost of bromelain could be an issue [15] . Alkaline peroxide [63] , dicyandiamide (DD)-activated peroxide treatments [64] , and also activated peroxide along with enzymatic treatment with a protease [65] , showed very good shrink-resist performance. DD-activated peroxide treatment followed by the treatment with protease gave excellent shrink-resistance [64] . Levene and Cohen investigated one-step oxidation of wool fabric with magnesium monoperoxyphthalic acid (MMPP) at an acidic pH and found that at the applied concentration of 3.0-6.0% owf provided excellent shrink-resistance [28] . Ozone alone or ozone/bisulfite treatment was found ineffective at providing durable shrink-resistance to wool fibers [65] . However, the treatment increased fiber yellowness and also caused uneven treatment. The combined radio-frequency plasma and protease enzyme treated wool fabric showed excellent shrink-resistance but not without substantial fiber damage [66] . Although some of them were found effective, all of these processes are very slow for industrial application together with an increased energy cost.
Merits and demerits
The enzymatic treatments are environmentally friendly but the speed of production is very slow as the treatments can only be carried out in batches. The slow reaction of the enzymes makes them unsuitable for continuous treatment. The enzymatic reaction with wool is unpredictable as some fibers may remain totally unaffected by the enzymes and some fibers may be over-treated causing severe damage to the fiber as evident in Fig. 9 . The enzyme can penetrate into the fiber causing considerable damage to the fiber.
On the other hand, the UV radiation treatment is a continuous but dry process producing no effluent. However, it damages wool fiber and can cause severe yellowing of the fiber [67] . Oxidative plasma treatments could be a batch or continuous process and etch the surface cuticles of wool fibers resulting in severe damage of the fiber. These processes alone provide only some levels of shrinkresistance but do not provide durable shrink resistance desired by the industry or consumers.
Additive shrink-resist treatments
These methods have been developed for the treatment of wool fabrics but they are unsuitable for loose wool fiber treatment. In this method, no damage of cuticles of wool takes place and therefore hardly any damage to the wool fibers occurs. Wool fibers are coated with a fiber-reactive or a crosslink forming polymer that binds the fiber and also covers the inter-scale gaps limiting their movement and prevents from interlocking during laundering. The typical process is a pad-dry-cure method, where dispersion/solution of polymers is added to the padding mangle and the fabric to be treated is passed through the emulsion/solution. The fabric is then dried and cured whenever a fiber-reactive polymeric resin is used. Both synthetic resins and also modified bio-based polymers have been investigated to cover the scales of the wool fiber surface.
Synthetic polymeric coatings
A range of crosslink forming polymeric resins, such as, polybutadiene [68] , polyurethane containing free isocyanate groups (Synthappret LKF) [69] , polyurethane with bisulfite adduct (Synthappret BAP) [70] , Bunte-salt terminated polyether (Lankrolan SHR3) [71] , polythiols [72] , polyamides by interfacial polymerization [73] , polydimethylsiloxane diols in combination with an amino functional silane crosslinking agent [74] , diacrylates [75] , have been investigated to form polymeric coating on wool fiber. Cook and Fleischfresser reported that wool fabrics coated with bisulfite-adduct named Synthapret BAP at 3.0% owf provided excellent shrink-resistance but considerably affected the handle properties of the treated fabric [70] . Hercosett resin alone has also been investigated to cover the scales of wool to impart shrinkresistance but failed to provide any shrink-resistance [76] . Umehara et al. used glycerol polyglycidyl ether (GPE) to crosslink the epicuticles of wool fiber in wool yarns to make them shrinkresistant [77] . Reactive aliphatic diisocyanate also has been investigated to cover the scales of wool fiber and it was found that the dibutyltin dilaurate (DBTL)-catalyzed hexamethylenediamine diisocyanate (HMDI) and triethylenetetramine (TETA) combination treatment provided the best shrink-resistance [78] .
Recently Toabo Corporation, Sotoh Co. Ltd., and Moriyasu Dye Works Co. Limited of Japan together developed a chlorine-free shrink-resist treatment for wool called 'Life Fiber Eco-friendly Treatment' [79] . In the first step, wool fibers are treated with an aqueous solution of a diamine (e.g. hexamethylene diamine) and in the next step, treated with a diacid chloride (e.g. sebacoyl chloride) dissolved in a water-immiscible solvent. A polyamide polymer coating is formed at the interface of the two liquid phases through interfacial condensation polymerization, which is similar to the process developed by Whitfield et al. [73] . The key advantage is the very low energy consumption for the treatment and also the absence of damage to the outer layer of wool. However, harmful solvents need to be used and no attachment of the formed polyamide layer to the wool fiber surface takes place other than the hydrophobic-hydrophobic interaction unlike chlorine/Hercosett treatment. Therefore, these treatments may not provide longterm durability and may be removed by abrasion during their use. Dodd and Carr used UV radiation for the curing of the polymeric coating to make wool fabric shrink-resist, which severely affected the handle properties of the fabric [80] .
Bio-based polymeric coatings
Several bio-based polymers, such as collagen, chitosan, and polypeptides extracted from wool protein fibers using the serinetype protease Esperase 8.0L, have been investigated to provide shrink-resistance to wool fibers [81] [82] [83] . These biopolymers can bind to the amino groups of wool fiber by ionic bonding. For example, chitosan can be ionically bonded to the surface of the wool fabric as shown in Fig. 10 , where the amino groups of chitosan ionically bind to the carboxyl groups of wool fiber. The hydroxyl groups also can form hydrogen bonding with the amino groups of wool fiber. The extracted polypeptides can also be covalently bonded to the surface of wool fiber by using a crosslinking agent (glycerol diglycidyl ether or GDE) to form a cross-linked coating on the fiber surface of the wool fiber. The treated wool fabric maintained 1-2% shrinkage after five Woolmark 5A launderings. Several researchers investigated the effect of chitosan coating on the shrink-resistance of wool fibers [84] [85] [86] . They used a single-step Table 2 Shrink-resistance treatments based on the partial or full removal of wool fiber scales and their shrink-resist performance. [63] treatment using chitosan alone and cyanuric chloride modified chitosan, and also a two-step treatment with chitosan followed by crosslinking with citric acid, or polyurethane that substantially improved the shrink-resistance of the wool fabric [86, 87] . On the other hand, Yang et al used nano chitosan, low molecular weight chitosan, and normal chitosan [88] . They found that nanochitosan-treated wool fabric showed better shrinkresistance and antibacterial properties compared to the wool fabric treated with either low molecular weight chitosan or normal chitosan.
Coating of wool fibers with protease extracted feather keratin crosslinked with GDE has been investigated for the shrinkresistance of wool [89] . The feather keratin coated wool fabric showed excellent anti-felting and shrink-resist properties. Cardamone and Martin used keratin hydrolysates to cover the scales of wool fiber by using transglutaminase as a cross-linker, and found that keratin hydrolysate or transglutaminase alone not only increases tensile strength but also shrink-resistance [90] . However, the combined treatment of keratin hydrolysate and transglutaminase shows better improvement in tensile strength and shrinkresistance than either one of them alone.
Shrink-resist performance of polymer-coated wool Table 3 shows various polymeric treatments investigated to cover the scales of wool fiber to limit their shrinkage during laundering. Of them, the reactive aliphatic diisocyanates in a combination with various diamines and also the keratin hydrolysate-coated wool fabrics showed the lowest shrinkage [91] . Diacrylate and Hercosett provided very poor shrink-resistance. None of the treatments showed the level of shrink-resistance desired by the wool industry.
Merits and demerits of polymer coating-based treatments
Just coating wool fibers without any bonding with the fiber surface can temporarily make wool shrink-resist but the coatings will break down due to abrasion encountered in their daily use. Without the removal of the 18-MEA fatty acid layer, it is difficult to bind any polymer to the wool fiber surface and it is also difficult to produce a uniform coating as hydrophilic polymers will not evenly spread on the hydrophobic wool fiber surface without increasing the interfacial adhesion between the fiber surface and the polymeric resins. Moreover, the thickness of the coating and the levels of add-on required to cover the scales considerably affects the handle properties of the treated fabric. Moreover, the coating of wool fibers with synthetic polymers may affect their biodegradability. Therefore, the polymeric coating alone may not be a viable shrink-resist treatment for wool.
Shrink resist treatments based on a combination of subtractive and additive methods
In these types of treatments, cuticles of wool fibers are partially or fully removed, 18-MEA is removed and the surface modified wool fibers are then coated with a suitable polymeric resin. The removal of 18-MEA improves the adhesion and spreading of aqueous-based polymeric resin dispersions, forming uniform coatings on the fiber surface. These treatments can be classified into the following categories:
Oxidative treatments followed by coating with synthetic polymers
In this area, the emphasis is given on two-stage plasma treatments for etching the scale edges and also removing the 18-MEA layer fully or partially and then coating the treated fabric with a [ 66] polymeric resin. Millard et al. first investigated the two-stage plasma treatment in a combination with a fluorocarbon treatment as a chlorine-free shrink-resist treatment for wool [92] . Wool yarns were soaked in a fluorocarbon modified acrylic acid monomer and then plasma treated. The combined treatment only offered 9-12% shrinkage and the durability of the treatment to washing was not investigated. Single stage plasma coating of wool using tetrafluoroethylene and hexafluoropropylene has been investigated to make wool fabric shrink-resist as well as water repellent [93] . The tetrafluoroethylene/plasma treated fabric showed excellent shrink-resistance compared to the hexafluoropropylene treatment but they may affect the dyeability of the treated fabric. The treatment time is also quite long (30 min) to achieve an acceptable level of shrink-resistance. The oxidative treatments investigated were mainly enzymatic and plasma treatments followed by coating with synthetic polymers. Recently the pre-treatment of wool fibers with a protease enzyme followed by coating the wool fibers with alkoxysilanes [e.g. (3-glycidyloxypropyl)trimethoxysilane, and (3-mercaptopropyl)trimethoxysilane] by sol-gel treatment have been investigated as a means to make wool fabric shrink-resist, which provided excellent shrink-resistance without considerably affecting the handle properties of the fabric [91] . The (3-mercaptopro pyl)trimethoxysilane treatment provided marginally better shrink-resistance than the other alkoxysilane. The sol-gel coating will need to be carried out after the dyeing as the coating may affect the dyeability of the fabric. Several researchers reported that reported that the pre-treatment of wool fabric with a protease enzyme followed by the coating with the chitosan polymer or fluorocarbon resin provided excellent shrink-resistance [94, 95] . Glow discharge plasma in conjunction with Basolan MW has been investigated for shrink-resistance of wool with good success [96] . Naebe et al. investigated a short time (1-3 s) atmospheric plasma treatment followed by the treatment with 5% owf aminofunctional poly(dimethylsiloxane) [97] . Kim and Kang investigated the effect of plasma intensity on the shrink-resist performance of wool fabric coated with an amino-functional silicone polymer after the plasma treatment, which provided excellent shrink-resistance [98] . It has been reported that the ethanol-based micellar system of Hercosett/H 2 O 2 treatment using sodium dodecyl sulfate as an emulsifier made wool shrink-resist [99] . The UV radiation treatment followed by coating with Synthappret BAP provided good shrink-resistance (8%) but affected the handle properties of the treated fabric. Demir et al. investigated argon plasma treatment in a combination with chitosan coating and also in a combination with protease enzyme and chitosan coating that provided quite good shrink-resistance to knitted wool fabrics [100] .
Oxidative treatments in combination with a coating of wool with biobased polymers Gupta and Natarajan used UV radiation at 172 nm wavelength for five minutes to remove 18-MEA from wool and then coated the fiber with sericin at 5 g/l, which reduced the shrinkage to zero and did not affect the handle properties of wool [20] . Rahmatinejad et al. investigated a two-step dry state UV/O 3 treatment of wool fabric followed by coating with a fluorocarbon polymer to impart shrink-resistance [101] . Although the treatment provided durable and excellent shrink-resistance, the fluorocarbon treatment may affect the dyeability of wool. Jin et al. investigated a two-stage high powered inductively coupled 13.56 MHz radio frequency plasma treatment followed by the treatment with chitosan [102] . It was reported that two-step alkaline peroxide treatment and then coating with chitosan was unsuccessful as the shrinkage of the treated Fig. 9 . Uneven treatment caused by the unmodified (left) and Eudragit S100-immobilized (right) protease enzyme [46] . Reproduced with permission from Taylor & Francis. Table 3 Shrink-resist treatments based on covering the inter-scale spaces with a polymeric resin and their shrink-resist performance. Combined treatments based on the removal of 18-MEA and descaling of wool fiber followed by coating with a polymeric resin for the shrink-resistance of wool fiber. [99] fabric increased to 9% just after three washes [103] . When chitosan of various molecular weights was applied on H 2 O 2 and also PMS treated wool, it was observed that both the molecular weight of chitosan and also the type of oxidative treatment influence the shrink-resistance of wool [21] . It was reported that the alkaline peroxide treatment increased the shrink-resistance of chitosancoated wool but negatively affected the dyeability [104] . Protease treatment alone reduced the felting shrinkage of wool. However, its addition to the alkaline peroxide treatment bath improved the hydrophilicity of wool and the adhesion between the fiber and chitosan in the subsequent chitosan coating resulting in increasing the shrink-resistance of wool [105] . Chitosan applied on lowtemperature microwave plasma-treated wool showed quite good shrink-resistance but the shrink-resistance increased to 8.00% only after 2 Â 5 A washes [106] . The durability of this kind of treatment is questionable and also may affect the handle properties of the treated fabric but the developed treatment is eco-friendly. Borghei et al. investigated DC magnetron sputter coating of wool with copper and found that 1 min treatment was enough to make wool shrink-resist [107] . Table 4 shows the shrink-resist performance of wool fibers treated by various combination treatments based on partial or full removal of cuticles and 18-MEA followed by covering the fiber surfaces with a polymeric resin. Atmospheric plasma in conjunction with a polymeric coating is the most investigated shrink-resist treatment recently as the treated fabric shows excellent shrinkresistance. Plasma treatments in conjunction with Hercosett resin could be a viable alternative to chlorine-Hercosett treatment. Another option could be the single stage plasma treatments forming cationic hydrophilic coatings instead of hydrophobic coatings as this type of coating could be more durable compared to the two-stage plasma plus conventional pad-dry-cure based polymeric coatings and also they will not affect the dyeability of the treated fabric.
Shrink-resist performance
Merits and demerits
Other than chitosan and sericin, no other bio-based polymer has been investigated for the shrink-resistance of wool because of various reasons. Almost all of the biopolymers are hydrophilic and therefore the formed coatings will swell in water causing their breakage and removal from the fabric. The coating formed by bio-based polymers could be brittle and hard, that may severely affect the handle properties of the treated fibers and fabrics. Moreover, a lot of cross-linkers will be needed to form the coating and to reduce their hydrophilicity, which may become expensive compared to their synthetic competitors and may further affect the flexibility of the formed coating.
Shrink-resistance mechanisms
Depending on the treatment used, the shrink-resistance mechanism could be different. All of the oxidation treatments including enzyme treatment and corona discharge treatments damage the scales of wool fiber and therefore the felting cannot occur through the ratcheting of scales. The chlorination treatments etch the edge of scales of wool fibers [23] . The oxidation treated wool is further coated with Hercosett and silicone resins, which further smoothens the wool fiber surface. However, the fibers are not bonded together and remain as a single fiber after the treatment.
When the treated fabrics are soaked in water, the Hercosett resin swells and covers the inter-scale gaps so that interlocking [107] of scales between fibers does not occur and also limits the movement of fiber in yarns. Fig. 11 shows SEM images of untreated, chlorine-treated, and chlorine-Hercosett treated wool fibers. It can be seen that after the chlorination wool fiber scales are etched and descaled. After the treatment with Hercosett resin, the fiber surface is quite covered by the Hercosett resin and the resin uniformly spread on the surface of the fiber. For the wool fibers treated by the two-stage oxidation followed by the coating with a polymeric resin, during laundering, wool fibers do not interlock and therefore felting shrinkage does not occur.
On the other hand, in the case of shrink-resist treatments based-on binding the fibers by polymeric coating (such as the treatment with a polyurethane containing bisulfite adduct and Bunte-salt terminated polyether), the polymers not only form a smooth coating on the fiber surface but also binds the fibers together as shown in Fig. 12 . During laundering, the fibers cannot move and therefore no shrinkage occurs. In the case of plasma treatment, the etching of scales takes place to a level where complete descaling of wool fibers may occur (Fig. 13) , resulting in the production of a hydrophilic surface. It enables the formation of very smooth coatings on wool fibers in the case of coating with hydrophilic resins and biopolymers. The descaling and coating of the surface of wool fibers do not allow locking of fibers during laundering and therefore no shrinkage of fabrics occurs.
Future trends
Modern consumers desire that the textile material they are wearing must be ethically produced without harming the environment. From the manufacturer's point of view, for any novel shrinkresist treatment to be successful to replace the widely practiced chlorine/Hercosett treatment must meet the following conditions and challenges: the processing cost must be similar or marginally higher than the cost of the chlorine-Hercosett treatment the process needs to be continuous the process must be robust and should provide long-term durability to washing the treatment must not negatively affect the dyeability, light fastness, yellowness, abrasion resistance, stain-resistance, wash fastness and handle properties of the treated fabric must be eco-friendly and energy efficient Almost all of the traditional shrink-resist treatments used for wool fibers produce effluent that needs to be treated before discharging to watercourses. Therefore, the current trend is developing a shrink-resist process that is green, sustainable, and environmentally friendly. Ozonation-based shrink-resist treatment may fall under this category as it does not produce any toxic effluent but the Hercosett treatment produces AOX containing effluent. The durability of the shrink-resist treatment based on polymeric coating only could be an issue as the durability is very much dependent on the durability of the polymeric coating unless there is bonding between the fiber and the polymer, and also the produced polymeric coating has enough strength to withstand abrasion. These treatments also affect the handle properties of the final finished products and also cause yellowness. Top treatment could be the preferred treatment compared to yarn/fabric stage treatment as individual fibers are coated in the case of top treatment. However, the continuous plasma-based treatments using polymerizing gas could be the future shrink-resist method as the 13 . SEM micrographs of untreated (A), DC magnetron sputter plasma using argon (B), 140-watt oxygen plasma (C), 1% oxygen plasma at 2 mm plasma jet distance (D) and low-temperature argon plasma treated wool coated with chitosan (E) [108] .
produced coatings on the fibers are ultrathin (few nanometers) and very robust that hardly can affect the natural feeling and handle properties of the wool fiber. The cost of production is high because of high initial investment cost and high-energy cost. However, the cost will go down with a decreasing energy cost and certainly, they are the future for the shrink-resistance of wool fibers. Therefore it can be concluded that the future shrink-resist treatments used for wool will be certainly more eco-friendly and sustainable than the existing methods used.
Conclusions
A wide range of treatments including oxidative, enzymatic and plasma have been investigated to make wool fiber shrink-resist. However, still, the chlorine-Hercosett treatment is one of the most effective, durable and the cheapest shrink-resist treatment developed for wool. However, the treatment is under scrutiny because of the negative environmental effect imposed by its effluent. Enzymatic treatment is not the answer as the treatment is very slow, unpredictable and the shrink-resistance achieved is not comparable to the shrink-resistance provided by the chlorine-Hercosett process. The cost of generation of ozone is high and they corrode metals and most of the plastics but ozone-based treatment does not produce harmful effluent. Non-polymerizing gas-based continuous plasma treatments are effective, highly durable but the cost of production is high and also damages the fiber. Polymerizinggas based continuous plasma treatment alone or plasma in a combination with biodegradable polymeric coating-based treatments will need to be developed for the shrink-resistance of wool. They could be the future green and sustainable shrink-resist treatment for wool and other animal fibers. 
